Large carnivores are recolonizing parts of North America and Europe as a result of modern management and conservation policy. In the midwestern USA, black bears Ursus americanus, cougars Puma concolor and grey wolves Canis lupus have the potential to recolonize provided there is suitable habitat. Understanding where large carnivores may become re-established will prepare resource professionals for the inevitable ecosystem effects and potential human-carnivore conflicts associated with these species. We developed individual and combined models of suitable habitat for black bears, cougars and wolves in  midwestern states, using geospatial data, expert-opinion surveys, and multi-criteria evaluation. Large, contiguous areas of suitable habitat comprised ,  and % of the study region for wolves, bears and cougars, respectively. Approximately % of the region was considered suitable for all three species. Arkansas, Minnesota, Texas and Wisconsin had the highest proportions (. %) of suitable habitat for black bears; Arkansas, Michigan, Missouri, Texas and Wisconsin had the highest proportions ($ %) of suitable habitat for cougars; and only in four states in the study region was , % of land suitable wolf habitat. Models performed well when validated by comparing suitability values of independent sets of known carnivore locations to those of random locations. Contiguous areas of suitable habitat typically spanned multiple states, thus coordination across boundaries and among agencies will be vital to successful conservation of these species. Our models highlight differences in habitat requirements and geographical distribution of potential habitat among these carnivores, as well as areas vital to their persistence in the Midwest.
Introduction
P opulation decreases and range contractions of large carnivores are associated with habitat loss and high human density (Woodroffe, ; Laliberte & Ripple, ) . However, the implementation of modern management policy for the conservation of large carnivores in North America and Europe has shown that carnivore decline is a reversible trend (Linnell et al., ) . Populations of large carnivores are recovering following decades of systematic extermination, a pattern observed in North America (Mech, ; Garshelis & Hristienko, ; LaRue et al., ) and internationally (Swenson et al., ; Breitenmoser, ; Valière et al., ) . Black bears Ursus americanus, cougars Puma concolor and grey wolves Canis lupus are the three most widespread large carnivores in the USA (Feldhamer et al., ) . Populations of these species have persisted and proven capable of recolonizing areas of their former range despite extermination efforts, habitat fragmentation and varying levels of human-induced mortality (i.e. via harvest or vehicle collisions). Large carnivores have the potential to recolonize the midwestern USA (henceforth Midwest) provided there is substantial suitable habitat for them in the region. As public interest and media attention regarding the expansion of populations of large predators increase, a greater understanding of recolonization potential is necessary to make sound conservation, management and policy decisions.
Black bears, cougars and wolves are adaptable as habitat generalists and can thrive in a variety of environments provided they are tolerated by people. Black bear populations across North America are generally stable or increasing (Garshelis & Hristienko, ) . Cougar populations in the western USA have expanded since the s (Sweanor et al., ) . As a result, confirmations of cougars in the Midwest have increased significantly since  and breeding populations have become re-established in states where the species was extirpated previously (LaRue et al., ). By  the grey wolf had been eliminated in the USA except in Alaska, northern Minnesota, and Isle Royale (Paquet & Carbyn, ) . Following protection under the Endangered Species Act of , wolves began to recolonize areas where they had been absent for decades, specifically in northern Wisconsin and Michigan's Upper Peninsula (Mech, ) .
Recolonizing large carnivores will probably have significant effects on midwestern ecosystems. In particular, populations of white-tailed deer Odocoileus virginianus, the primary prey of cougars and wolves, are likely to be affected (DelGiudice et al., ; Robinson et al., ) . Cougars and wolves may affect biodiversity and plant recruitment; both species have been linked to trophic cascades in multiple systems (Hebblewhite et al., ; Berger et al., ; Ripple & Beschta, ) . Furthermore, restoration of apex predators may influence the behaviour of smaller carnivores such as coyotes Canis latrans and could control effects of mesopredator release (Berger & Gese, ; Prugh et al., ) .
Understanding where breeding populations of large carnivores may become re-established, through an assessment of habitat suitability, will prepare wildlife managers for the impacts of these carnivores on midwestern ecosystems, in addition to potential human-carnivore conflicts. Although residents surveyed in midwestern states generally perceived a low level of risk from large carnivores, perception and tolerance of risk varied widely among groups (Smith et al., ) . Although numerous models of suitable habitat for black bears, cougars, and wolves have been developed, there are no such models for these carnivores in the Midwest apart from that of LaRue & Nielsen (). Furthermore, previous habitat models do not consider potential habitat for all three species. This information may provide the foundation for management plans in states where large carnivore populations have been absent for decades. Our objectives were to () model potential habitat for black bears, cougars and wolves in the Midwest; () delineate large areas of contiguous, highly favourable habitat; () assess overlap in contiguous, suitable areas for each species; and () assess the validity of the model.
Methods
We used expert information to develop predictive habitat models for black bears, cougars and wolves (Store & Kangas, ) . We used this approach rather than using empirical data to build the models because such datasets are generally not available or consistent across the Midwest; these carnivores do not yet exist in substantial numbers in the majority of the region. The model included  states from the central Great Plains to the upper Midwest and mid-South regions (Fig. ) . We selected these states because they included areas whence all three focal species were extirpated, and areas where there are breeding populations (e.g. the Black Hills of South Dakota for cougars). Inclusion of these states facilitated the mapping of areas where potential source populations exist as well as suitable habitat in areas where these carnivores do not exist at present.
We adapted a survey on the habitat requirements of the focal species from that developed by LaRue & Nielsen () to obtain expert knowledge. The survey (Supplementary Material ) consisted of several questions regarding pair-wise comparisons of the following habitat variables: cover type, road density/distance to roads, human density, distance to water, and slope ( Supplementary Table S ). We contacted furbearer biologists ( in total) from each state included in our model, as well as university or agency researchers who specialized in black bear () or wolf () ecology. Survey participants were asked to score habitat variables, using the analytic hierarchy process (Saaty, ) , in order of potential importance to each species on the basis of expert knowledge of carnivore ecology and midwestern habitats. Expert opinions from completed surveys were averaged for analysis and a consistency ratio was calculated to determine the consistency of answers among experts (Saaty, ) .
We used digital data layers (all mosaics resampled to  ×  m pixels) to create geospatial datasets representative of midwestern landscapes to construct the habitat suitability models in ArcGIS v.  (ESRI, Redlands, USA). The  National Land Cover Dataset (a land cover categorization scheme applied across the contiguous USA at a resolution of  m; MRLC, ) consisted of  categories in the study region but we grouped similar cover types into eight categories: developed/barren and open water, deciduous forest, evergreen forest, mixed forest, shrubland, grassland, agricultural land, and wetland. Land cover categorization accuracy was % (Wickham et al., ) .
We combined digital elevation model data (USGS, ) into a seamless layer and clipped the layer to the perimeter of the study area. Slope was calculated in degrees and categorized on the basis of the expert opinion surveys. We used the digital elevation model data and Arc Hydro Tools v. . (ESRI, Redlands, USA) to create stream shapefiles by filling the digital elevation model and calculating flow direction and flow accumulation. We buffered the stream shapefiles on the basis of distances identified in the expert opinion surveys.
Human-density data were based on census block groups (U.S. Census Bureau, a). Road data (U.S. Census Bureau, b) included all primary and secondary roads for each state in the study region. For the black bear model we applied a multiple ring buffer to all roads according to the distances identified in the expert survey. For the wolf model we used the Line Density tool in the Spatial Analyst extension to ArcGIS to calculate road density. We then converted all layers to raster format and recategorized them for consistency with the expert surveys.
We used multi-criteria evaluation to transform raw data into map layers by standardizing, combining and attributing weights to variables (Store & Kangas, ) . We evaluated responses from the expert knowledge surveys using matrices in Excel (Microsoft, Redmond, USA) to determine the relative importance of each habitat factor. Importance was based on an optimization method in which habitat factors were ranked using pair-wise comparisons as applied in the analytic hierarchy process (Saaty, ) . Use of the analytic hierarchy process closely followed procedures from LaRue & Nielsen ().
For black bears and wolves, habitat suitability was determined by recategorizing and weighting each habitat factor on the basis of the averaged results of the expert surveys. We subsequently mapped these variables and their associated weights by overlay. We produced final maps of habitat for black bears and wolves, using raw scores calculated and averaged in the multi-criteria evaluation within the Raster Calculator (ESRI, Redlands, USA). For cougars, we incorporated the model of potential habitat in the Midwest created by LaRue & Nielsen () and added the nine states not included in the original model. Each pixel in each of the models was assigned a habitat suitability score of -, which was converted from raw scores.
We obtained known locations of black bears and wolves to define habitat suitability thresholds for each species and validate the models (Table ) . For each species we created a set of random locations equal to the number of actual locations, and used a Kolmogorov-Smirnov test (α = .) to compare the distribution of habitat suitability values associated with known locations of carnivores with the distribution of suitability values associated with each statewide sample of random locations. The Kolmogorov-Smirnov tests were used to validate the models for black bears and wolves; similar distributions of habitat suitability values between known locations and state-wide random locations would indicate that the habitat models do not predict carnivore habitat better than random. Details on the validation process for the cougar habitat model are in LaRue & Nielsen (). We defined a habitat suitability threshold for black bears and wolves based on the mean minimum suitability percentage of the highest % of known locations; the mean value was % for both species. Thus, we considered pixels with habitat 
Results
We received  black bear surveys (.% return rate) and  wolf surveys (.% return rate). Consistency levels were high among surveyed experts, with the exception of scores assigning importance of distance to roads for bears ( Table ) .
Experts indicated that cover type was the most important variable for predicting potential habitat for black bears and cougars in the Midwest, followed by human density (Table ) . Human density was the most important variable for predicting wolf habitat, followed by cover type (Table ) . Forest cover and low human density were specified as suitable attributes for all three species and were characteristic of contiguous tracts of suitable habitat ( Material , Fig. a) . In most states there was extensive overlap between suitable habitat for bear and wolf, and some overlap with cougar habitat; across the study region . % of bear habitat overlapped with cougar habitat and almost % overlapped with wolf habitat (Supplementary Material ) .
The mean habitat suitability value of pixels associated with black bear locations was % in Minnesota, % in Oklahoma and % in Wisconsin (% overall). The percentage of locations with $ % suitability was % in Minnesota, % in Oklahoma and % in Wisconsin (% overall). The distributions of habitat suitability values associated with known locations of black bear and state-wide random locations differed for all three datasets (D = ., P , . for Minnesota; D = ., P , . for Oklahoma; D = ., P , . for Wisconsin).
Approximately % of the study region was considered suitable habitat for cougars. States with $ % suitable habitat for cougars were Arkansas, Michigan, Missouri, Texas and Wisconsin (Supplementary Material , Fig. b) . Large, contiguous areas of suitable habitat represented c. % of the study region across seven areas: the North Dakota Badlands, South Dakota Black Hills, west-central Texas, the northern Great Lakes region (Michigan, Minnesota and Wisconsin), the Ozark region of Arkansas and Missouri, the Ouachita National Forest in Arkansas and Oklahoma, and the Daniel Boone National Forest Material , Fig. b) . In most states that contained contiguous tracts of cougar habitat, . % of suitable cougar habitat was also suitable for black bears and wolves (Supplementary Material ). The model of potential cougar habitat was validated with an independent set of confirmed cougar locations from North Dakota; see LaRue & Nielsen () for results. Approximately % of the study region was considered suitable habitat for wolves, with only four states containing , % suitable habitat ( Supplementary Material , Fig. c) . Large, contiguous areas of suitable habitat comprised nearly % of the study region ( Supplementary Material , Fig. c) . Nearly half of the states included in the model contained . , km  of contiguous, suitable habitat for wolves ( Supplementary Material , Fig. c) . In most states contiguous tracts of suitable wolf habitat overlapped bear habitat extensively and cougar habitat almost entirely. Across the whole study area approximately one-third of suitable wolf habitat was also suitable for both black bears and cougars (Supplementary Material ) .
The mean habitat suitability value of pixels associated with wolf locations was % in Michigan, % in Minnesota and % in Wisconsin (% overall). The percentage of locations with $ % suitability scores was % in Michigan, % in Minnesota and % in Wisconsin (% overall). The distributions of habitat suitability values associated with known locations of wolf and state-wide random locations differed for all three datasets (D = ., P , . for Michigan; D = ., P , . for Minnesota; D = ., P , . for Wisconsin).
Discussion
We provide the first large-scale combined model of biologically suitable habitat for black bears, cougars and wolves in the midwestern USA; validation procedures indicated this model was successful in identifying habitat used by each of the three carnivores. In addition to delineating variation in the geographical distribution of potential habitat among the three carnivores, the model shows where these species may establish breeding populations in the future and how these populations may overlap. It also highlights areas that will be vital to the persistence of these carnivores should more widespread recolonization of the Midwest occur. Of the three species, wolves had the highest proportion and widest distribution of suitable habitat. Our model corroborated that of Mladenoff et al. (, ) , who delineated approximately the same amount of wolf habitat in Minnesota, Wisconsin and Michigan within occupancy classes with $ % probability. The expert-assisted scores used to build the wolf habitat model reflected that wolves are generally non-specific to particular vegetation and ecosystem types; factors correlated to human activity, such as land ownership, road density and human population density, have greater influence over where wolves can maintain populations (Paquet & Carbyn, ) . Wolves differed from black bears and cougars in that experts considered human population density to be more influential than cover type. Wolves can adapt to live in nearly any habitat where they are tolerated by humans and have adequate prey (Mech, ) ; they once occurred in forests, grasslands, deserts and tundra (Paquet & Carbyn, ) . In addition to broad habitat tolerance, wolves are capable of rapid, long-distance movement, a factor that played a significant role in their swift recolonization of the Great Lakes Region (Treves et al., ) . The majority of wolves leave their natal packs and both sexes are equally likely to disperse (Treves et al., ) , a life-history trait that facilitates recolonization.
The models predicted c. % less suitable habitat for black bears than for wolves in the study region. In contrast with wolves, cover type was the most influential habitat variable for black bears. Although black bears are habitat generalists, their ideal habitat consists of rugged terrain, dense understorey vegetation, and food sources in the form of hard or soft mast; such habitat characteristics become more crucial when human populations expand into bear habitat (Pelton, ) . Large, contiguous tracts of forest cover are fragmented across the study region, which may explain why the models predicted fewer contiguous tracts of suitable bear habitat than wolf habitat, particularly in the Great Plains. Although suitable habitat is distributed patchily throughout the study region, black bears are capable of longdistance movement (albeit more typical for males) and existing in small breeding populations (Maehr et al., ) , thus the establishment of viable breeding populations in such areas is possible.
Of the three focal carnivores, cougars had the lowest proportion of suitable habitat in the region, less than half the area of suitable wolf habitat. Cougars require vegetative or topographic stalking cover and favour rugged terrain and higher elevations, whereas they avoid open areas such as agricultural land or grasslands (Pierce & Bleich, ). Agricultural land was twice as important for black bears as for cougars, and mixed forest was assigned a higher weight for cougar habitat than for black bear habitat. Additionally, we designated a higher minimum threshold for contiguous habitat area for cougars than for black bears or wolves on the basis of population analyses by Beier () and Belden & Hagedorn () . These factors may partially explain why, of the three carnivores, cougars have the least suitable habitat in the region. Recolonization of currently unoccupied suitable habitat is possible because cougars are known to disperse distances .  km (Thompson & Jenks, ; Stoner et al., ) and traverse matrices of non-cougar habitat (Sweanor et al., ) . Establishment of viable breeding populations of cougars in such areas will depend largely on dispersal of females. Female cougars are more likely than males to be philopatric and to travel shorter distances (Sweanor et al., ; Thompson & Jenks, ) , although emigration and dispersal distance may be influenced by human-caused mortality and the presence of wolves (Newby et al., ) .
The combined habitat models show considerable overlap in contiguous, suitable habitat for the three species, particularly for black bears and wolves. Wolves are sympatric with black bears nearly everywhere in their range in the USA and Canada, and all three carnivores inhabit areas of the western USA, such as Yellowstone National Park (Ruth et al., ) . Although territorial or agonistic interactions and fatal encounters have been observed among all three species (Rogers & Mech, ; Boyd & Neale, ; Jimenez et al., ) , they are known to coexist through temporal and resource partitioning (Kortello et al., ) . However, cougars are vulnerable to interference and exploitation competition from wolves and bears; cougars frequently lose their kills to wolf packs and bears (Ruth & Murphy, ) . Moreover, competition with wolves for prey may be exacerbated in winter when prey becomes more concentrated as a result of accumulating snow (Ruth & Murphy, ) . Thus, the presence of wolves or bears may limit the use of suitable habitat by cougars, especially in regions that experience heavy snow. Black bears may be more successful in recolonizing suitable habitat than cougars and wolves because potential source populations of black bears are much more widespread than cougar or wolf populations. Cougars and wolves compete more directly for prey (Kunkel et al., ; Alexander et al., ) and are generally perceived more negatively than bears by the public (Kellert, ; Campbell & Lancaster, ) .
The habitat models performed well when validated with independent sets of locations from states with breeding populations. However, there are limitations to modelling carnivore habitat on a large scale using expert knowledge-based models. Although the expert knowledge used to weight each habitat variable may be an excellent predictor of suitable carnivore habitat in certain locations, applying it across a large study region is bound to result in fine-scale inaccuracies. For example, the model predicted that black bears have . , km  of contiguous area in Texas suitable for expansion, based on low human and road densities and the presence of intermittent streams; other studies have also shown suitable habitat for black bears in the Trans-Pecos (Rice et al., ) and south-eastern regions (Morzillo et al., ) of Texas. However, Rice et al. () highlighted the lack of water resources in the desert environment of Texas as well as the presence of agricultural areas that are primarily associated with cattle production rather than crops; thus food and water availability at lower elevations across Texas are probably insufficient to sustain viable populations of black bears.
We did not incorporate prey abundance into the models because prey density is not always a good predictor of suitable carnivore habitat (Mladenoff et al., ) and reliable regional datasets were unavailable. We used land cover as a surrogate for prey abundance, which is generally a safe assumption throughout the study region (Roseberry & Woolf, ) . However, in the heavily forested region of northeastern Minnesota designated suitable for all three focal carnivores, deer populations are seasonally low and deer have been unable to recolonize the area in substantial numbers (Nelson & Mech, ) . Competition for prey in this area may render it unsuitable for viable populations of all three focal species, although wolves persist by preying on moose Alces alces (Nelson & Mech, ) .
Large carnivores are capable of recolonizing areas previously thought to be unsuitable or too isolated or fragmented to maintain viable populations (Hoffman & Genoways, ; Mladenoff et al., ) , and therefore the amount of suitable habitat predicted by the models may be too conservative in some areas. For example, the Pine Ridge area of Nebraska sustains a breeding population of cougars (Wilson et al., ) but is too fragmented to be designated a contiguous habitat tract by the model; such inaccuracy also occurs in the black bear habitat model, for eastern Tennessee. Despite localized errors, the habitat models were robust overall and should prove to be useful predictors of potential habitat for black bears, cougars and wolves on a large scale.
Conservation implications
Black bears, cougars and wolves are already recolonizing the Midwest in certain areas (Bales et al., ; Wydeven et al., ; LaRue et al., ) and we believe this trend will continue. The habitat models serve as a valuable tool to predict where viable breeding populations of large carnivores may establish in the study region if recolonization becomes more widespread; they are less useful for describing carnivore dispersal habitat. Large carnivores are known to traverse vast expanses of human-dominated areas during dispersal (Thompson & Jenks, ) ; as such, they will not always be found in areas deemed suitable.
States projected to gain populations of previously extirpated large carnivores should prepare for novel management challenges, particularly if the state has never had a breeding population of large carnivores since the advent of modern wildlife management (e.g., Illinois, Indiana, Iowa and Kansas). The models predict that all states in the study region may contain enough contiguous, suitable habitat for a breeding population of at least one of the focal species to establish. The legal status of black bears, cougars, and wolves varies widely by state; black bears and cougars are protected in some states but hunted or considered extirpated in others; wolves are federally designated as endangered except within the boundaries of their distinct population segment (USFWS, ), where they are hunted in some states and protected in others. We recommend that those states in the study region without breeding populations of these species consider developing conservation plans for them, as well as incorporating them into wildlife codes.
Proactively planning for carnivore recolonization will allow wildlife agencies to prepare for potential impacts on ecosystems (particularly ungulate prey and mesopredators) and human-carnivore conflict; it may also influence management and policy decisions. Public attitudes towards large carnivores may ultimately determine the species' fate in the Midwest (Smith et al., ) . Maps of potential habitat can inform and direct outreach and educational initiatives intended for residents who have lived in the absence of large carnivores for virtually a century. The maps could also assist midwestern states in efforts to assess residents' attitudes regarding the re-establishment of large carnivores, to evaluate movement corridors that link or pose barriers between suitable habitats, and to develop appropriate management plans. Contiguous, suitable habitat tracts for black bears, cougars and wolves in the study region typically span multiple states. As large carnivores do not heed refuge or state borders, coordination across boundaries and among agencies is vital to successful carnivore management (Noss, ; Forbes & Theberge, ) .
Although the conservation outlook for large carnivores has been dire during the last century and remains bleak for species such as tigers Panthera tigris and African wild dogs Lycaon pictus (Weber & Rabinowitz, ) , the expansion of large carnivores in North America and Europe portends the future in areas where modern management policies aimed at carnivore conservation are implemented. Weber & Rabinowitz () contended that North America has a poor record of conserving large carnivores and should follow approaches used by other countries. However, the re-establishment and continued expansion of black bear, cougar and wolf populations in the USA would not have occurred without source populations that were protected and managed appropriately. The recovery of these species, along with brown bears Ursus arctos, Eurasian lynx Lynx lynx and wolves in Europe (Swenson et al., ; Breitenmoser, ) , show that where legislation is favourable to large carnivores, populations can resurge and recolonize areas whence they were extirpated, even as human populations increase (Linnell et al., ) . Simple, easily developed habitat models may be invaluable for mapping species expansion and informing future conservation efforts.
